Although impairment of daytime functioning is a symptom of many sleep disorders, there are limited data on their nature for some patient groups. The role of the circadian system on impaired functioning, specifi cally the wake maintenance zone (WMZ)-a ~3-h window of reduced sleep propensity that occurs shortly before the onset of melatonin synthesis-has received little attention. The study examined the infl uence of the WMZ on neurobehavioral performance under normal conditions and following sleep deprivation. Methods: Thirty-one adults (8 F; 18-29 y) completed an inpatient protocol including a baseline day (8-h sleep:16-h wake) and a ~50-h constant routine (CR), including regular assessment of plasma melatonin and neurobehavioral performance (i.e., auditory and visual psychomotor vigilance tests [aPVT, vPVT], Digit Symbol Substitution Test [DSST], and subjective sleepiness). Results: Performance in the 3 hours before the onset of melatonin secretion (i.e., the expected WMZ) was signifi cantly improved compared to performance during a 3-hour block earlier in the biological day, despite a longer time awake. The improvement during WMZ was most prominent after extended wakefulness (i.e., day 2 of the CR). Conclusions: These results suggest that alignment of circadian phase with respect to sleep-wake timing may affect cognitive performance, particularly when homeostatic sleep pressure is high, and especially when performance is assessed in the evening, near the predicted WMZ. The potential contribution of the WMZ to sleep-onset insomnia complaints should be assessed further, using objective neurobehavioral testing and simultaneous circadian phase measurement.
ing sleep propensity with increasing time awake, and therefore peaks towards the end of the waking day. 8, 9 Process C is the endogenous circadian rhythm in sleep propensity, which reaches its peak at ~3-6 am in normally entrained individuals. The maximal circadian drive for alertness occurs in the early evening around 6-10 pm, and opposes the rising homeostatic sleep pressure. In this manner, Process C and S work in opposition to maintain consolidated bouts of sleep and wakefulness; the homeostatic drive for sleepiness that increases during the daytime is opposed by the increasing circadian drive for wakefulness, permitting consolidated wakefulness across the daytime. 7, 10 The onset of melatonin secretion marks the start of the biological night and is closely associated with a decreasing circadian wake-promoting signal, ending the WMZ and opening the "sleep gate." 11 The daily pattern of neurobehavioral performance is also under circadian and homeostatic regulation, and both subjective and objective measures of alertness and cognition are explained by the two-process model (for overview see Dijk and von Schantz 12 ) . It is hypothesized that cognitive performance is improved during the WMZ, compared to earlier in the biological day, due to the circadian drive for alertness overriding the increase in homeostatic sleep pressure at this time. Consistent with this hypothesis, forced desynchrony protocols have demonstrated that alertness and neurobehavioral performance (e.g., digit symbol substitution task, psychomotor vigilance task) are highest at the equivalent to 9 pm under normally entrained conditions. 5, 13 Similarly, visual inspection of neurobehavioral performance data collected across 30 to 72 hours of extended wakefulness also suggests that performance can improve in the hours immediately prior to habitual bedtime, corresponding to the WMZ. [14] [15] [16] The wake-promoting role of the circadian system appears to be crucial for optimal cognitive functioning, particularly in the latter part of the day when elevated homeostatic sleep pressure may otherwise compromise waking function. 6, 17 Given the close temporal relationship between the WMZ and circadian phase, particularly the onset of melatonin secretion, it is important to measure a robust marker of circadian phase when attempting to define the WMZ. Anchoring performance trials relative to habitual bedtime may not provide optimal accuracy to identify the WMZ, given that even with strict adherence to regular sleep-wake schedules there is often a 5-to 6-hour range in the phase relationship between dim light melatonin onset (DLMO) and bedtime. 18, 19 The aim of this study was to determine whether the WMZ can be observed from neurobehavioral performance measures taken under normal conditions and under conditions of increasing homeostatic sleep pressure but without circadian misalignment. This research was proposed to increase our understanding of the time course of neurobehavioral performance in healthy individuals relative to circadian phase and as a reference for future comparisons to those with abnormal sleep-wake timing, for example, night shift workers or patients with circadian rhythm sleep disorders or insomnia.
METHODS

Participants
Thirty-one healthy individuals (23 M, 8 F), 21.84 ± 2.56 (M ± SD) years of age were studied. The study was approved by the Partners Human Research Committee and Monash University Human Research Ethics Committee; all participants gave written informed consent. Participants were included if they met the following conditions: no night work in the previous 3 years, no transmeridian travel (across > 2 time zones) in the previous 3 months; and no history of psychiatric illness or sleep disorders, no other serious or chronic medical disorders or conditions. All participants were healthy upon psychological or psychiatric examination, physical examination, routine laboratory tests, and electrocardiogram (ECG). Participants also had scores within the normal range on validated questionnaires Symptom Checklist 90R, Beck Depression Inventory, Minnesota Multiphasic Personality Index, State Anxiety Index, Pittsburgh Sleep Quality Index, and Horne-Östberg Morningness Eveningness Questionnaire. All participants who successfully completed relevant inpatient protocols at the Intensive Physiological Monitoring (IPM) Unit of the Center for Clinical Investigation at Brigham and Women's Hospital from 2007 until mid-2010 were available for analysis. From this cohort of 34 participants, 31 were included in the current analysis; 3 participants were excluded for missing or incomplete melatonin data.
Pre-Laboratory Protocol
Participants were required to maintain a regular (8-h time in bed), self-determined sleep-wake schedule for ≥ 7 days prior to the inpatient study; adherence was verified by wrist activity (Actiwatch-L, Mini-Mitter Inc., Bend. OR), twice-daily calls to a time-stamped voicemail service, and sleep diaries. Participants were instructed to refrain from using any prescription or non-prescription medications, supplements, recreational drugs, caffeine, alcohol, and nicotine for ≥ 3 weeks before admission. Compliance with these instructions was verified by urine toxicology during screening and upon admission to the laboratory.
Study Protocol
Participants were studied for 9 days as part of a longer protocol, the details of which are published elsewhere. 20 Only the data from Days 3-5 are included here, which consisted of a baseline day (Day 3) followed by a ~50-h Constant Routine (CR) protocol (Day 4 to 5, see Figure 1 ). Participants remained in individual light-and sound-attenuated suites (with bathroom) throughout the study. A strict time-free environment Admission on Day 1 (AD) is shown, followed by study events on Days 3 through 6. Study events were scheduled according to each person's habitual pre-study sleep-wake times: areas filled with white represent wake (< 190 lux); areas filled with black represent sleep (0 lux); areas filled with gray represent dim lighting (< 3 lux); the arrows show the start of constant routine day 1 and constant routine day 2, respectively; aPVT, KSS, and plasma melatonin sample; aPVT, vPVT, DSST, KSS, and plasma melatonin sample.
was maintained. Days 1 to 3 were baseline days, during which participants followed an 8-h: 16-h sleep-wake cycle based on their average bed and wake times for the 7 days prior to admission. They were free to engage in sedentary activities when not occupied with study requirements. On Days 1 to 3, ambient light levels were < 190 lux (0.48 W/m 2 measured in the horizontal plane at 183 cm), generated by ceiling mounted 4100K fluorescent lamps (Philips Lighting, The Netherlands). Midway through Day 3, 8 h prior to habitual bedtime, and during the CR on days 4 and 5, light levels were maintained at < 3 lux maximum when measured as above and at 0 lux during sleep episodes. From awakening on Day 4 and throughout Day 5, a ~50-h CR procedure was imposed. Participants were required to remain awake (enforced by trained technicians) in semirecumbent bed rest, with daily nutritional intake divided into hourly equicaloric portions. 21 The first "day" of the CR procedure was, therefore, essentially a repeat of the Baseline Day, except that ambient light levels and posture remained constant. The second "day" of the Constant Routine imposed substantial sleep deprivation but was otherwise identical to the first Constant Routine day.
Melatonin Measurement
Plasma or salivary melatonin was sampled every 30-60 minutes. Blood samples were collected through an indwelling intravenous catheter placed in a forearm vein to allow for continuous collection of blood during sleep and wake episodes. Melatonin assays were carried out by the Core Laboratory of the Clinical Research Centre at the Brigham and Women's Hospital using established radioimmunoassay techniques. 20 The plasma melatonin intraassay coefficient of variation (CV) was 10.0% at 1.9 pg/mL and 7.2% at 21.9 pg/mL, and the interassay CV was 12.65% at 3.06 pg/mL and 12.12% at 22.36 pg/mL. The saliva melatonin intraassay CV was 4.1% at 3.56 pg/mL and 4.8% at 24.2 pg/mL, and the interassay CV was 12.15% at 2.37 pg/mL and 10.20% at 19.58 pg/mL.
Neurobehavioral Performance, Sleepiness, and Alertness
Participants completed a comprehensive neurobehavioral test battery that included a visual psychomotor vigilance task (vPVT), an auditory PVT (aPVT), and a Digit Symbol Substitution Test (DSST). These tasks were chosen because they have been shown to be sensitive to sleep loss and circadian phase. [13] [14] [15] The aPVT and vPVT are both 10-min sustained attention tasks and have an interstimulus interval randomly varying between 1 and 9 seconds. For the aPVT, participants were required to respond as quickly as possible to an auditory tone by pressing a button box. On the vPVT, participants responded as fast as possible to the appearance of a millisecond counter in the center of the computer screen. For both tasks, mean reaction time (RT) was averaged across the 10-min trial, and the number of lapses (RTs > 500 msec) occurring during the 10min trial was recorded.
The DSST is test of processing speed (with an accuracy tradeoff) and working memory, in which 9 symbol-number pairs appear at the top of a computer screen and a symbol appears in the middle of the screen. Participants were required to respond as quickly as possible by entering the corresponding number. The symbol-number pairs were fixed and the target symbol changed with each trial. Performance was measured by the number of correct responses within the tasks' 2-min time limit.
To measure subjective sleepiness, participants completed the Karolinksa Sleepiness Scale, a 9-point scale requiring participants to rate how sleepy they have felt in the preceding 5 minutes. Higher scores indicate higher levels of sleepiness.
Every 120 min while awake, the participants completed a full battery (KSS, aPVT, vPVT, DSST), and every 60 min the participants completed a shortened battery (KSS, aPVT).
Data Analysis
Dim light melatonin onset (DLMO) times were calculated for each participant according to the 25% threshold method; the amplitude (mesor to peak or trough) of the melatonin rhythm during the constant routine was estimated by fitting a 3-harmonic model to the melatonin data, 22 and DLMO was defined as the clock time at which the plasma melatonin rhythm exceeded a 50% threshold of the amplitude (25% of the peakto-trough amplitude). 23 The biological night was defined as the duration from DLMO to dim light melatonin offset (DLMOff), defined as the clock time at which the melatonin level dropped below the 50% threshold. 24, 32 For each individual participant, each trial of the aPVT, vPVT, DSST, and KSS was assigned to the Baseline Day (BD), Constant Routine day 1 (CRD1), or Constant Routine day 2 (CRD2) as follows: all performance trials occurring from 8 h prior to habitual bedtime (when the protocol on BD commenced) until DLMOff on BD were labelled as BD; all trials from the start of CRD1 until DLMOff on CRD1 were labelled as CRD1; and all performance trials occurring after DLMOff on CRD1 until DL-MOff on CRD2 were labelled as CRD2 trials. In Figures 2-4 , only time points where more than 50% of participants recorded a performance trial were plotted.
Each DLMO on each study day (BD, CRD1, and CRD2) was assigned a circadian phase of 0°/360°, and each performance trial was labelled relative to the number of degrees it occurred prior to DLMO on that day. For ease of analysis, each participant's trials occurring over a 45° range from 255.00 to 299.99° (≅3 h when 24 h = 360°) were averaged, and this mean value was labelled DAY, corresponding to the block during the biological day. This range was chosen to minimize the potential effects from sleep inertia or mid-afternoon dip. 25 Based on previous research, 3, 4 the WMZ was expected to occur over the 3 h prior to DLMO; therefore, trials occurring from 315.00 to 359.99° were averaged together and this mean value was labelled WMZ. Trials occurring from 300.00 to 314.99° were not included in either block to provide a clear distinction between blocks. Performance trials of the aPVT and KSS were carried out approximately every 15° (60 min) and approximately every 30° (120 min) for the vPVT and DSST.
Neurobehavioral performance measures were analyzed using two-way repeated measures ANOVA, with factors study day (BD, CRD1, CRD2) and block (DAY, WMZ). Post hoc analysis was performed using one-way ANOVA. Multiple comparisons were not corrected for, but exact p values are reported. Huhyn-Feldt corrections were applied to counteract violations of sphericity, and adjusted df and F values are reported where appropriate. Unless otherwise specified, data are reported as mean ± SD (range). SPSS Statistics Version 19.0 (SPSS Inc.) was used for all data analysis.
RESULTS
The timing of melatonin onset, hours of wakefulness at DLMO, and phase angle (habitual bedtime -DLMO) were comparable across the 3 study days (see Table 1 ).
Overall average performance was worse after 24 h of wakefulness (CRD2) for all indices of performance as compared to both CRD1 and BD (main effect of study day, p < 0.0001; post hoc testing p < 0.0001 for both days for all performance variables; data not shown). Differences in performance were less consistent between CRD1 and BD; aPVT mean reaction times were faster on CRD1 than on BD (p = 0.034), whereas vPVT mean reaction times were faster (p = 0.003) and subjective sleepiness was higher (p = 0.038) on BD than CRD1. There was no difference in overall performance between BD and CRD1 for aPVT lapses, vPVT lapses, or DSST correct responses (p > 0.05; see Table 2 and Figures 2-4) .
When performance during the 3-h WMZ was compared with performance during the 3-h block earlier in the day (DAY), mean reaction time and number of lapses significantly improved during the WMZ for the aPVT and vPVT (main effect of Block, p < 0.01; Table 2 ). There was a significant Study Day × Block interaction for all these variables, however (p < 0.05), except vPVT lapses ( Table 2) . Post hoc analysis showed that vPVT mean reaction times were significantly faster during the WMZ on CRD2 (p = 0.008) and on CRD1 (p = 0.005) than earlier in the day (Figure 3A) . For aPVT reaction time and lapses, there was a significant improvement in performance during the WMZ on CRD2 (Figure 2) . Only aPVT reaction time was better during the WMZ on BD than earlier in each of those days (p = 0.033; Figure 2A) .
A significant Study Day × Block interaction on the DSST number of correct responses (p < 0.05; Table 2 ), followed by post hoc testing revealed a significant improvement in performance during the WMZ on CRD2 (p = 0.007; Figure 4A ). In addition, a significant Study Day × Block interaction on the KSS (p < 0.05; Table 2 ), followed by post hoc testing revealed a significant increase in subjective sleepiness during the WMZ on BD (p = 0.006; Figure 4B ).
There was a greater relative improvement in reaction time (vPVT, aPVT), number of lapses (aPVT), and number of DSST correct responses during the WMZ on CRD2 when compared to either CRD1 or BD, although absolute performance during WMZ on CRD2 was never restored to that of the corresponding times on CRD1 or BD (Figure 5) .
DISCUSSION
This study demonstrated a robust effect of the wake maintenance zone (WMZ) on neurobehavioral performance. While the WMZ has previously been observed in spontaneous internal desynchrony studies 3 and using specialized forced desynchrony and ultrashort sleep-wake studies (a type of forced desynchrony), 4,5 the current study shows that the WMZ can be observed for neurobehavioral performance during the usual waking day following either a full night of sleep or a sleepless night. Our study demonstrated that there was robust evidence of a WMZ on neurobehavioral performance following extended sleep deprivation, but that it was much more difficult to detect after only ~10 hours of wakefulness. The findings of this study add to our understanding of why daytime performance patterns may be altered in patients who demonstrate a disrupted circadian rhythm, and suggest that the inter-individual variability in symptoms may be due, in part, to the circadian system. Our protocol permitted examination of the WMZ across three days and under two different levels of sleep pressure. On all three days, circadian phase remained relatively stable with only minimal drifts due to intrinsic circadian period, 20 and, because circadian phase was measured directly from the melatonin rhythm, the WMZ could be defined relative to onset of melatonin production. Following extended wakefulness, on Constant Routine Day 2, performance on all measures was relatively im-proved in the three hours prior to melatonin onset as compared to a 3-hour window earlier in the day, despite a longer duration awake, illustrating a robust alerting response during that time. Weaker and more inconsistent alerting responses were observed under the baseline day and the first "day" of the Constant Routine, when there was minimal prior sleep deprivation.
Following extended sleep deprivation, performance was not restored to baseline levels during the WMZ. Although the relative improvement in performance during the WMZ was greatest during Constant Routine Day 2, this effect was measurable because of the poor performance levels earlier in the day, following ~30 hours of sleep deprivation. It appears that the WMZ is best observed when performance is substantially degraded by high homeostatic sleep pressure that builds during extended wakefulness. We could only reliably observe the WMZ when homeostatic sleep pressure was high enough to permit an "unmasking" of the circadian alerting signal. When assessed after only ~10 hours of wakefulness on the baseline day of CR, homeostatic sleep pressure had not yet degraded performance to a low enough level for the circadian alerting signal to exert a robust improvement. Self-ratings of sleepiness did not show the same response as the objective performance measures. Other studies have also reported a mismatch between subjective reports of sleepiness and objective performance measures. 26, 27 Self-reported sleepiness continued to rise prior to melatonin onset on the baseline day, and sleepiness ratings did not show a significant improvement during the WMZ on either of the Constant Routine days, although the shape of the KSS profiles during CR approaches that of other outcomes. The question of statistical power is therefore raised. With 31 participants, we had sufficient power to detect a robust response for performance measures after extended wakefulness (i.e., when effect sizes were large). We might have observed similar responses on performance measures on the other days with a much larger sample size; we estimated that we would need 146 individuals participants in order to detect a difference (medium effect size) on any given day. 28 The present findings are generally in agreement with other studies that report that circadian modulation of neurobehavioral performance increases at times of increasing homeostatic sleep pressure. 5, 6, 15, 17, 29, 30 The pattern of increased circadian modulation of performance with increasing hours awake, however, is not consistently found across all neurobehavioral performance measures, 5 which may be due to differences in protocol (e.g., short prior wake episodes and therefore low homeostatic sleep pressure), task characteristics (i.e., higher attentional load), or low statistical power. 5 It is noted that the current study included only healthy, young adult participants. The extent to which these findings would generalize to other populations, specifically sleep disorder patients and older individuals, remains to be determined. The neurobehavioral tests used in this study assessed a limited range of cognitive functions, namely sustained attention and processing speed/working memory. Future studies should investigate the impact of the WMZ on higher-level cognitive functions, such as decision making and learning.
On any given day in the current study, the clock time corresponding to the start of the estimated WMZ (based on an individual's DLMO) ranged from 4 pm until almost 9:30 pm. Likewise, the phase angle between the start of the WMZ and habitual bedtime ranged from 2.67 to 6.42 hours, with an average of 4.87 hours. The range in phase angles indicates that if the WMZ had been estimated from habitual bedtime 31 or without a biological marker, 14, 15 the WMZ may be missed completely in some participants or with a large error (> 1 h) on average. Some studies report that optimal performance occurs earlier than the expected WMZ when referenced to core body temperature minimum under entrained conditions (e.g., 180 to 210°, ~5-8 pm), 14, 32 although data binning methods and infrequent performance trials may affect the ability to detect accurately the effect of the WMZ on neurobehavioral performance. 14, 32 It is therefore suggested that even if an individual has a regular sleep-wake schedule, a strongly endogenous phase marker, ideally DLMO, is required to define the WMZ accurately and performance changes in relation to it. While the mechanisms by which the circadian system mediates the alerting signal during the WMZ is unknown, it has been proposed that the evening increase in hypocretin/orexin, identified as a key neurotransmitter underlying the circadian wake promoting signal, 33 may contribute to the WMZ phenomenon. While there is some uncertainty as to whether humans show a wake promoting pattern of hypocretin release, 34 and the role of orexin as a circadian wake promoting signal is not supported by studies of orexin knockout mice, 35 others have proposed that the hypocretin/orexin system contributes to the circadian-dependent changes in waking EEG during the WMZ. 29 The present data illustrate the pivotal role of the circadian system in the regulation of neurobehavioral performance and in particular of improved performance during the WMZ. This finding suggests that small misalignments of circadian phase may alter the time course of alertness and performance, 36 particularly when performance is assessed during or immediately after the WMZ or under conditions of high homeostatic sleep pressure. Circadian rhythm sleep disorders (CRSDs), which are characterized by a mismatch between the internal biological clock and external clock time, are likely to be associated with significant neurobehavioral performance deficits that are not only a consequence of short duration or poor quality sleep but are a product of individuals attempting to undertake cognitive tasks at an adverse circadian phase. 36 Those with extreme eveningness preference (delayed sleep phase disorder), who tend to sleep at an earlier circadian phase than normal, 37 may be at particular risk of sleep disruption if attempting to sleep during the WMZ. Similarly, given that a subset of traditional insomnia diagnoses may also be due to altered circadian phase, 3, 38 the misalignment of the WMZ may not only contribute to the underlying sleep pathology but may also contribute to the variability seen in the daytime performance of such patients, 1 particularly among individuals whose insomnia is associated with elevated homeostatic sleep pressure. The current results emphasize that the WMZ should be taken into account when investigating the potential neurobehavioral deficits associated with CRSDs and insomnia, particularly sleep onset insomnia, as a failure to detect symptoms of impaired cognitive functioning may reflect measurements taken during the WMZ.
It may also be possible to capitalize on the WMZ as a time of relatively better neurobehavioral performance for those working non-standard or extended work hours. For example, during evening or night shift work, it would be beneficial to align periods of the most demanding work or to schedule shift end time (and hence the commute home) during the WMZ prior to the onset of melatonin secretion. In order to optimize work schedules in such a way that they reflect the underlying circadian process, however, the development of simple methods for the detection of circadian phase or the onset or timing of melatonin secretion in a field setting is needed.
